In this paper, a new class of comlputedtorque/fuzzy-logic controllers is introduced and designed using genetic algorithms. It is demonstrated that these computed-torque /fuzzy-logic controllers are more robust than computed-torque/proportional-plus-derivative controllers.
gain matrix, K2 E R""" is the derivative gain matrix, and 
. (3)
It is then evident from equations (1) and (2) 
. . (4)
In practice, the computed-torque method (Craig (1989) ) is frequently used in the contirol of non-redundant robotic manipulators. The dynamical behaviour of such manipulatlors is governed by non-linear vector-matrix differential equations of the form if all elastic effects are neglected. In equation (l),
M(O) E R""" is the inertia matrix, v(8,0) E R" is the vector of centrifugal and Coriolis torques, g(B)
E R" is the vector of gravitational torques,
f(e) E R" is the vector of friction torques, T E R"
is the vector of actuator torques, and 8 E R" is the vector of joint angles. If the dynamical characteristics of such manipulators are known precisely, it is possible to introduce computed-torque I proportional-plus-derivative controllers governed by control-law equatilons of the form
In equation ( 2 ) , Cld E R" is the vector of desired joint anglcs, e --8 d -8 E R" is the vector of joint-angle errors, K 1 E R""" is the proportional Equationi (4) clearly indicates that the controller mi5trices K1 ER""" and K2 E R""" can be readily selected so as to produce linear second-order error dynamiics with any required characteiristics, eg, if K 1 E R""" and K2 E R""" arle diagonal, then the error dynamics of each joint of the robotic manipulator are decoupled.
However, in the case of practical robotic manipulators, the dynamical parameters required to formulate the control-1;aw equation (2) are never known precisely. Such computed-torque1 proportional-plus-derivative: control-law equations will therefore in practice not have the form of equation (2) but rather the form where h(e) E R""" is the estimated value of the inertia matrix and h(8,e) CL R" is the estimated value of the centrifugal, c,oriolis, gravitational, and frictional vector defined in equation (5). In such practical cases, it is evident from equations (l), (3), and ( 5 ) that the ve:ctor of joint errors is governed by the vector-matrix differential equation
. . . . (6) Equation (6) clearly reduces to equation (4) in the special case when &€I) =M(6) and h(0) = h(0). However, in the general case when k(O)#M(0) and @ ) # h ( 0 ) , it is evident that the choice of K1 E R""" and K2 E R""" made in connection with equation (4) will not normally be sufficient to ensure that the error dynamics of the robotic manipulator governed by equation (6) are acceptable. Therefore, explicit identification schemes have been introduced in combination with adaptive computed-torque controllers in order to provide good estimates ofM(0) and h (8) . However, since such adaptive controllers for robotic manipulators are rather complicated for routine industrial applications, there is much scope for the development of simple and reliable robust non-adaptive controllers for robotic manipulators.
A
In this paper, a class of computed-torque/ hzzy-logic controllers for such manipulators is therefore introduced. These new controllers differ from the conventional computed-torque/ proportional-plus-derivative controllers governed by equation (2) in that the linear control law
. . . . (7) incorporated in equation (2) is replaced by a non-linear control law of the form
. . . . (8) expressed in terms of fuzzy logic. It is demonstrated that such computed-torque/ hzzy-logic controllers are more robust than computed-torque / proportional-plus-derivative controllers. This demonstration is effected in the case of a particular direct-drive two-lmk robotic manipulator in accordance with the following procedure: (i) .
. . . (9b)
and it is assumed that both M(0) and h(0,e) are known precisely. The problem is to determine the proportional controller matrix K1 E R""" and the derivative controller matrix K2 E 12""" such that the cost function is minimised when the robotic manipulator performs a specified trajectory-tracking task of duration, T. This problem can be readily solved using genetic algorithms (Porter and Jones (1992), Porter, Mohamed, and Jones (1993)) by representing each proportional-plus-derivative controller governed by equation (9b) as a string of 2nZ concatenated sub-strings of binary digits. Each such sub-string represents in binary coded form the individual scalar elements of the controller matrices K 1 E R""" and K2 E R""".
The Darwinian fitness, @, of the controller represented by each such entire string of binary digits is obtained by evaluating the cost hnction defined in equation (10) (1 1)) the required proportional-plus-derivative controller with the smallest achievable cost function, Tmj,. This provides the genetically optimal computedtorque/proportional-plus-derivative controller when the robotic manipulator performs the specified trajectory-tracking task. . . . . ('12b) and it is assumed that both M(8) and h(8, e) are known precisley. The problem is to express the non-linear controller function ye, e) in equation (12b) in terms of fuzzy logic such that the cost function (10) is again minimised when the robotic manipulator performs the same specified trajectory-tracking task of duration, T. This problem can be readily solved by using genetic algorithms to select the domains of fuzzy sets defined in e, e , and U spaces in the fuzzy-logic representation of the control-law equation (12b). This representation can be achieved in many different ways; but, in the present context, the genetic design procedure can be conveniently explained in terms of the decoupled version u i = k i ( e i , e j ) ( i = 1,2 ,..., n)
. . . . (14) of equation (12b). Then, each of the n decoupled fuzzy-logic controllers is govemed by rules of the following form:
Ifei is P" and e j is QP' then u j is RI"
The entire sets of fuzzy sets in the e j , e i , and T , deflned in equation (10) and then calculating
Then, using again the standard genetic operations of' selection, crossover, and mutation (Goldberg (1989)), entire populations of binary strings are ca.used to evolve. In this way, fuzzy-logic controllers of progressively increasing fitness are produced until no significant further improvement is achievable. The controller with the largest achievable fitness, Om,, is clearly (in view of equation (16)) the required fuzzy-logic controller with the smallest achievable cost bction, Tmln. This provides the genetically optimal computed-torque/fuzzy-logic controller when the robotic manipulator performs the specified trajectory-tracking task.
ILLUSTRATIVE EXAMPLE
These genetic methodologies can be conveniently illustrated by designing computed-torque controllers for the practical direct-drive two-link robotic nnariipulator located in the laboratories at the University of Salford. The dynamical characteristics of this manipulator are known very precisely as a result of using the genetic identification procedure of Porter, Sangolola, and Zadeh (1994). It is therefore possible to use the previouslly described proceldures to design both computed-torque/proportional-plus-derivative and computed-torque/fbzzy-logic controllers for this manipulator.
Thus, in the case of the genetically designed coimputed-torque / proportional-plus-derivative controller, the excellent time-domain behaviour in the Cartesian x,y-plane of the end effector of this robotic manipulator is as shown in Figure  l(a) . In this case, the actual trajectory is very close to the desired trajectory of the end effector with an associated cost function of dynamics than is the computed-torque/ proportional-plus-derivative controller. Note, however, that this increased robustness is achieved with no loss of performance in the design case since r, < TI . It is evident that > T, and that the compu ted-torque/proportional-plus-derivative controller is therefore not robust in the presence of unmodelled payload dynamics.
4.
However, in the case of the genetically designed computed-torquehzzy-logic controller, the excellent time-domain behaviour in the Cartesian x,y-plane of the end effector of the robotic manipulator with no payload is as shown in Figure 2 (a). In this case, the actual trajectory is very close to the desired trajectory of the end effector with an associated cost function r, = 39.7 x .
.
. . . (17)
However, if this same fuzzy-logic controller is now used when the manipulator carries an additional 4 kg payload, the resulting time-domain behaviour in the Cartesian x,y-plane of the end effector is as shown in Figure 2( 
